ABSTRACT: A genetic study to determine the population structure of minke whales Balaenoptera acutorostrata in Greenland, the Central and NE Atlantic and the North Sea was carried out on a sample of 306 individuals. Samples were analysed by sequencing the D-loop in mtDNA and using 16 polymorphic nuclear microsatellite markers.
INTRODUCTION
Most baleen whales feed in the summer months in the fertile cold waters towards the poles, having migrated from winter breeding grounds in warmer latitudes. During winter, when pairing and birth of calves take place, they apparently feed, if at all, at lower latitudes -perhaps in the subtropics (Mackintosh 1965 , Jonsgård 1966 , Horwood 1989 . Although their wintering grounds have not been identified with certainty, minke whales Balaenoptera acutorostrata seem to fit into this general ecological pattern of large cetaceans (cf. Horwood 1989 , Kasamatsu et al. 1995 .
In the northern hemisphere, no one organism forms the dominant food supply for minke whales. The greater variety of food in the northern hemisphere as compared to that in the southern can be partly attributed to the more complex topography and water conditions (Mackintosh 1965) . In the North Atlantic region minke whales concentrate in traditional summer feeding grounds off Newfoundland-Labrador, off West and Southeast Greenland, around Iceland and Jan Mayen, off Svalbard and in the Barents Sea, off western Norway and in the North Sea (Horwood 1989) . Hence, although minke whales may occur in deeper waters during summer (Anonymous 1998 ) they tend to feed in shallow continental shelf areas. These are areas of great productivity due to upwelling and mixing of water masses of different origin (Mann & Lazier 1991) .
The range covered by the present study extends from the west coast of Greenland across the Atlantic Ocean to Svalbard, the Barents Sea in the north and the North Sea in the south (Fig. 1 ). Within this range, the areas where the minke whales concentrate during summer differ substantially with respect to oceanography -water circulation, water temperatures and ice cover (Mann & Lazier 1991) : (1) The West Greenland area is influenced by a mixture of waters from the cold East Greenland Current and the warmer and more saline Irminger Current. (2) The East Greenland and Jan Mayen area is dominated by the East Greenland Current that brings cold low-saline polar water south along the eastern coast of Greenland resulting in heavy pack ice almost all year round. (3) The western coast of Svalbard is an area of mixing between polar water and a branch of the warm North Atlantic Current. (4) The Barents Sea is a relatively shallow area that is dominated by the North Atlantic Current (these latter 2 areas are ice-covered for part of the year). (Anonymous 1993) showing 1998 sampling locations. Samples in the present study were collected in West Greenland (WG), Central Eastern Greenland (CG), Central Jan Mayen (CM), East Svalbard (ES), East Barents Sea (EB), East Coastal Norway i.e. Vesterålen/Lofoten (EC) and East North Sea (EN) . No samples from Central Iceland Coastal (CIC), Central Iceland Pelagic (CIP) and West Canada (WC) were included in the present analysis. Darker grey shading indicates approximate summer distribution area of minke whales. It is not known whether or not the distribution is connected between Canada and Western Greenland well as land runoff from the surrounding countries. Ice is never present along western Norway and in the North Sea. These regions also differ with respect to fish and crustacean fauna as reflected in the differences between areas in minke whale prey preferences. Capelin Mallotus villosus and sand eel Ammodytes sp. are important food for minke whales in West Greenland waters, whereas polar cod Boreogadus saida seems to be of greater importance in the East Greenland region (Neve 2000) . Krill Thysanoessa sp. and herring Clupea harengus are 2 of the most prominent prey items in the diet of minke whales in the Northeast Atlantic where gadoid fish (cod Gadus morhua, saithe Pollachius virens, and haddock Melanogrammus aeglefinus) are also important prey . Within the NE Atlantic there are regional differences in prey preferences. Consumption of herring is almost exclusively confined to the Barents Sea and the northwestern coast of Norway whereas consumption of krill is more pronounced in the Svalbard area (Folkow et al. 2000 . In the latter area, capelin was important prior to the collapse of the Barents Sea capelin stock in 1992-93 (ibid.) . In 1999, herring was a predominant food item in the Norwegian Sea whereas sand eel dominated the minke whale food in the North Sea. In this latter area, mackerel Scomber scombrus and other fish (e.g. herring) constituted the remainder of food items (Olsen & Holst 2002) .
We hypothesised that profound ecological differences between the summer foraging areas of minke whales in the North Atlantic, and the affinity of the whales to specific foraging grounds, have resulted in the development of genetically discrete groups of minke whales. The existence of genetically differentiated groups of whales at summer feeding grounds was indicated in studies of North Atlantic humpback whales Megaptera novaeanglia (Baker et al. 1994 , Palsbøll et al. 1995 .
Previous studies applying various genetic techniques found indications of population sub-structuring in North Atlantic minke whales (Palsbøll 1989 , Árnason & Spillaert 1991 , Danielsdóttir et al. 1992 , Bakke et al. 1996 , Martinez et al. 1997 , Martinez & Pastene 1999 . However, as these studies included samples taken in different years, it is unclear to what extent inter-annual variation influenced spatial comparisons.
In this paper we report analyses of both mitochondrial DNA (mtDNA D-loop sequences) and nuclear DNA (16 DNA microsatellite loci) obtained from a total of 306 minke whales from 7 sampling areas in the North Atlantic region (Fig. 1) to test the basic hypothesis: Are major ecological differences among the waters of West Greenland, the East Greenland -Jan Mayen area, the NE Atlantic and the North Sea reflected in genetic variation among minke whales summering in these areas?
To minimise or exclude the potential influence of using samples taken in different years, we tested samples that had been collected during only 1 year (1998). Furthermore, to explore the possible effects of interannual variation, samples taken in other years in West Greenland were also included.
MATERIALS AND METHODS
Sampling areas. For management purposes, the International Whaling Commission (IWC) subdivided the summer range of North Atlantic minke whales into 10 management areas referred to as 'IWC small areas' (Anonymous 1992) (Fig. 1) . Currently, Greenland catches minke whales in the 'small areas' West Greenland (WG) and Central Eastern Greenland (CG) on the east coast of Greenland, whereas Norway catches minke whales in Central Jan Mayen (CM), East Svalbard (ES), East Barents Sea (EB), East Coastal Norway (i.e. the Vesterålen/Lofoten area; EC) and East North Sea (EN) (Fig. 1) . Various combinations of samples from these 7 areas were tested against each other to explore the relationships between genetic population structure and the ecological regions from which the samples were taken (see 'Data analysis'). The combination of samples from ES, EB and EC are here denoted as 'NE Atlantic' (NE), and the pooled samples from West Greenland in 1982 , 1996 , 1997 and 1998 Collection of samples in the field, extraction of DNA and sex determination. The number of samples in this study broken down by area, year, sex and season of collection is shown in Table 1 . Two sets of muscle samples were used: (1) Samples obtained in 1998 from a total of 154 minke whales caught in 6 IWC small areas (WG, CM, ES, EB, EC, EN) (Fig. 1, Table 1 ), and (2) samples from a total of 152 minke whales taken in other years (1982, 1996, 1997, 1999) in WG and eastern Greenland (CG) ( Table 1) .
(1) In Greenland, hunters licensed by the Greenland Home Rule authorities to take minke whales in 1998 collected the muscle samples used in the present study. Similar samples were collected by trained staff during the Norwegian small-type whaling operations in 1998. The Greenland hunters were instructed on how to take the samples and requested to provide information on special forms about the date and location of the kill plus information on sex and body length. Similar data were available for the Norwegian samples. A total of 44 individuals collected between 6 May and 31 October 1998 from WG were included in the analyses (Table 1) . Samples were collected from 110 minke whales taken in 1998 during the Norwegian catches at Jan Mayen (CM), Svalbard (ES), in the Barents Sea (EB), at Vesterålen/Lofoten (EC) in northwestern Norway, and in the North Sea (EN) (Table 1, Fig. 1 ). All samples from the Norwegian catches were taken relatively early in the season (between 15 May and 1 July) except for Vesterålen/Lofoten, where samples were collected between 28 May and 14 August. The seasonal and spatial distribution of the samples in the present study are representative of the overall seasonal and spatial distribution of the Greenland (L. Witting, Greenland Inst. Nat. Res. unpubl. data) and Norwegian catches in 1998 (N. Øien, Mar. Res. Inst., Bergen unpubl. data).
All samples were stored at -20°C until they were processed in the laboratory in Denmark.
(2) The second set of samples consisted of muscle tissue collected in Greenland by scientists (Larsen & Kapel 1983 ) in 1982, and by licensed minke whale hunters in 1996 , 1997 . Because of an annual quota of a maximum of 15 whales in area CG (East Greenland), too few samples were collected in East Greenland within 1 year. Hence, this area was represented by a combination of samples (n = 30) from 1996, 1997 and 1999. To test for potential inter-annual effects, samples collected in West Greenland in 1982 Greenland in , 1996 Greenland in and 1997 were included in the analyses. The 1982 samples were collected by a Norwegian small-type whaler which operated offshore in western Greenland during the late 1970s and early 1980s (e.g. Larsen 1989 ). The East Greenland samples were collected between 12 July and 16 October with the majority being taken in August and September. The West Greenland samples were collected between 15 April and 26 November (Table 1) .
The 1982 samples were stored frozen at -20°C from sampling until analysis. The samples from the other years were stored in 20% DMSO, and saturated salt solution, and kept frozen at -20°C until analysis.
Total cell-DNA was extracted from the muscle tissue according to Andersen et al. (1997) , and the sex of all individuals was determined according to Bérubé & Palsbøll (1996a,b) . For 9 whales in which a discrepancy between sex as reported by the collectors and that of the genetic analysis was found, the tissues were reanalysed twice. During the last analysis the DNA was re-extracted and the sex-determination procedure repeated. All 3 analyses gave the same result.
Haplotypes published by Bakke et al. (1996) representing the central part of the North Atlantic around Iceland and from the Barents Sea were included in the study.
Sequencing of the mtDNA control region. PCR amplification of a 500 bp fragment of the mitochondrial control region was conducted using the oligonucleotide primers MT4 (light-strand) (Árnason et al. 1993 ) modified by addition of -21M13 primer to the 5'end (5'-TGTAAAACGACGGCCAGTCCCTCCCTAAGAC-TCAAGGAAG-3') and Dlp5 (heavy-strand) (Baker et al. 1996) modified by addition of M13 reverse primer to the 5'end (5'-CAGGAAACAGCTATGACCCCATCGA-GATGTCTTATTTAAGGGGAAC-3'). The PCR products were purified using a QIAQuick PCR purification kit prior to cycle sequencing. Standard M13 forward and reverse dye primers were used for cycle sequencing with AmpliTaq FS sequencing kit (Perkin-Elmer) following the recommendations by the manufacturer (Applied Biosystems). The products were precipitated and sequenced on an ABI PRISM 377 automated DNA sequencer. Each sample was sequenced in both directions and the sequences were aligned using Sequencer 2.06. The haplotype designation used follows Bakke et al. (1996) . 266 Table 1 . Balaenoptera acutorostrata. Number of minke whales sampled in 1982, 1996, 1997, 1998 and 1999 from 7 International Whaling Commission (IWC) 'small areas' in Greenland, the central N Atlantic, the NE Atlantic and the North Sea, the sex composition of the samples, and the sampling periods. See Fig. 1 Microsatellite loci. A total of 16 microsatellite loci with either di-or tetramer repeat motifs (Table 2) were used in the analyses. The amplification conditions are given in Table 2 . The microsatellites were detected and scored as described in Andersen et al. (1998) . A new primer-sequence set for locus EV96 (5'-AGCT-GAAGTTTGAACTAAATTATG-3', 5'-CTCTTGACCA-CTCAATTCTTGC-3') was designed from the EV96Mn humpback whale sequence (GenBank Accession No. G09076, Valsecchi & Amos 1996) as the EV96 primer sequence given by Valsecchi & Amos (1996) indicated the presence of a null-allele in the minke whale samples used in the present study.
Data analysis. At the mtDNA level, nucleotide and haplotype diversity (Nei 1987 ) was estimated using ARLEQUIN Software (Schneider et al. 1997 ). The population structure was examined by conventional F-statistics from haplotype frequencies (Weir & Cockerham 1984) and by Φ statistics including a genetic distance between the haplotypes in the different sampling areas (Excoffier et al. 1992) . The genetic distance used between the mtDNA sequences was Kimura 2-parameter (Kimura 1980 ) distance measure with the gamma-distribution correction estimated from the data (Kimura 1980 , Jin & Nei 1990 . These estimates were all run for 10 000 permutations over individual haplotypes among populations and tested using ARLEQUIN (Schneider et al. 1997) .
The phylogenetic relationships of the haplotypes were estimated and depicted in a consensus tree of 1000 bootstrap replications constructed on the basis of Kimura 2-parameter distances. This was conducted in the SEQBOOT and DNADIST programs in the PHYLIP package (Felsenstein 1993 ) and the consensus tree was constructed using the neighbour-joining method in this package. Genetic diversity at the nuclear level was estimated as observed and expected heterozygosity and number of alleles per locus (Nei 1987) . The tests for goodness of fit to the Hardy-Weinberg proportions were performed using GENEPOP (Raymond & Rousset 1995) based on the hypothesis of heterozygote deficiency and in FSTAT (Version 2.9.3.2). All significance values of the parameters tested were computed using Fisher's exact test iterated 3000 times over loci with a Markov chain method (Guo & Thompson 1992) and performed in GENEPOP. The population structure models based on microsatellite variation were analysed by testing for homogeneity of allele frequencies among populations using GENEPOP (Raymond & Rousset 1995) . Furthermore, the degree of population differentiation was analysed by F ST (Weir & Cockerham 1984 , Weir 1990 , Michalakis & Excoffier 1996 as implemented in ARLEQUIN (Schneider et al. 1997 ) after 10 000 permutations over loci. To obtain the maximum spatial genetic difference (F ST ) between the areas, 'female-only' analyses were conducted (Tiedemann et al. 2000) . The F ST estimator used is identical to Weir & Cockerham's weighted average, θ, which estimates the proportion of variance in allele frequencies caused by a substructuring of the samples. The F ST -statistic is based on the assumption that observed differences can mainly be attributed to drift and gene flow (infinite mutation model) (Slatkin 1995 , Michalakis & Excoffier 1996 .
The genetic distances between the hypothesised 4 minke whale sub-populations based on allele frequencies were estimated using the distance measure (D C ) of Cavalli-Sforza & Edwards (1967) . The tree was constructed in TREEVIEW (Page 1996) after bootstrapping 2000 times over loci in SEQBOOT in PHYLIP (Felsenstein 1993) and D C was estimated in GENDIST. The sequential Bonferroni procedure was applied using a significance level of 5% whenever multiple tests were performed to give table-wide significance levels (Rice 1989 ). In Table 6 this has not been applied when looking at the overall estimates including all 4 samples at the same time.
In order to reveal inter-seasonal, inter-annual and geographical variation, the samples were compared 267 Table 2 . The 16 polymorphic DNA microsatellite loci used in the study of North Atlantic minke whales, the nucleotide repeats, annealing temperature (°C) and allele sizes. PCR-conditions: denaturation at 95°C for 3 min, 7 cycles of denaturation at 94°C for 45 s, first annealing temperature for 30 s, extension at 72°C for 5 s. 30 cycles of denaturation at 94°C for 45 s, second annealing temperature for 30 s, extension at 72°C for 10 s, followed by 74°C for 10 min and cooling to 4°C, or 35 cycles of denaturation at 94°C for 45 s, annealing temperature for 30 s, extension at 7°C for 10 s followed by 74°C for 10 min and cooling to 4°C Valsecchi & Amos (1996) , g Waldick et al. (1999) hierarchically in the following manner: (1) WG samples from different years were tested for homogeneity pairwise; (2) the combined (all sampling years) West Greenland sample was sub-divided into a group caught relatively early in the season (May and June) and later (July to October) -these 2 groups were tested against each other to detect potential inter-seasonal effect on population structure; (3) the combined samples from WG were tested against the combined CG sample; (4) CG was tested against CM; (5) all Norwegian samples (CM, ES, EB, EC, EN) were tested against each other; (6) for the 1998 samples alone WG was tested against the NE Atlantic samples (ES + EB + EC); (7) variation amongst WG, CG + CM, ES + EB + EC and EN was tested; and finally (8) to expand and improve regional and temporal comparisons the haplotype distributions described by Bakke et al. (1996) for the central North Atlantic region west and north of Iceland and the Barents Sea were tested against the haplotype distribution observed in the present study. All tests were conducted with and without prior assumptions of statistical distributions of genotypes or haplotypes in order to avoid pooling of heterogeneous samples. The homogeneity tests (i.e. χ 2 -tests of Roff & Bentzen 1989) were conducted using the MONTE program in the REAP package version 4.0 after 5000 permutations (McElroy et al. 1992) The existence of population structure was explored using a Bayesian clustering method (Pritchard et al. 2000) which uses multilocus genotypes to infer population structure. The model assumes that k populations exist, which are characterised by a specific set of allele frequencies at each locus. Individuals are assigned to the populations probabilistically. The model assumes Hardy-Weinberg equilibrium (HWE) and linkage equilibrium. If departures from HWE are detected the population is split into sub-populations. The posterior k probabilities are estimated assuming uniform values of k from 1 to 5 and are based on 100 000 iterations of burn-in period and 1 000 000 iterations without using prior population information. Hence, the hypothesis of the existence of 1 single population was tested.
RESULTS

Sex determination and sex composition
The sex of all individuals was determined genetically. Mis-determination (or mis-reporting) of sex was detected in 5 minke whales from Greenland (3 individuals reported to be males were females, and 2 reported females were in fact males) and 4 minke whales from Norway (3 whales reported to be females were males, and 1 reported male was a female).
Overall, the total sample (n = 306) consisted of 79% females and 21% males (Table 1) . The sex composition in the samples taken in different years (Table 1) in WG did not differ significantly (χ 2 = 1.26, p = 0.73, df = 3). Furthermore, the proportions of females in the samples from WG, CG, CM, ES and EB did not differ significantly (χ 2 = 6.70, p = 0.15, df = 4) from each other. Neither did the proportions of females in the EC and EN samples differ (χ 2 = 0.05, p = 0.82, df = 1) from each other. However, the proportion of females in the combined sample from the northern areas (WG, CG, CM, ES and EB: 82% females) was significantly higher (χ 2 = 9.80, p = 0.02, df = 1) than that in the combined sample from the southern areas (EC, EN: 59% females). Overall, therefore, the samples reflected the known difference in distribution of the 2 sexes during the summer when females tend to occur farther north than males (Øien 1988 (Øien , Horwood 1989 .
Homogeneity tests conducted before combining subsamples and looking at the genetic differences at the mtDNA level and testing for HWE did not detect heterogeneous samples (data not shown).
Polymorphism levels in D-loop sequences of mtDNA
A total of 28 polymorphic sites were observed (GenBank Accession No. AF487467-AF487491) of which 4 were transversions, 5 were deletion/insertion events (1 deletion/insertion event of 'A', 'TA', 'ATA', 'TATA' and 'ATATA') and the rest were transitions. The 28 sites defined a total of 48 different haplotypes where haplotype N1 is shared and common among all sampling areas. Twenty-five of the 48 haplotypes were not observed by Bakke et al. (1996) . Estimates of nucleotide diversity ranged from 0.47% in the EN and CM samples to 0.7% in the EN and EC sample, and the haplotypic diversity estimates ranged from 0.841 in the samples from CM and EB to 0.978 in EC. The observed haplotype distribution in the total samples and when stratifying into sex (only females shown) is given in Table 3 .
A strict consensus tree showing the evolutionary relationship between the haplotypes genealogy is depicted in Fig. 2 , where the A1 haplotype from the Antarctic minke whale (Bakke et al. 1996) was used as an outgroup. No geographically sub-structuring was found between the haplotypes as reflected by the few nodes supported by bootstrap values above 50%.
Microsatellite variation
A total of 16 polymorphic microsatellite loci were identified in the minke whale samples from Greenland, Table 3 . Balaenoptera acutorostrata. Observed haplotype distribution in 10 sub-samples of minke whales from the North Atlantic (see Fig. 1 and 'Materials and methods'), their pooled totals and after stratification into sex (only the haplotype distributions in females are presented). 1982, 1996, 1997, 1998 = minke whales caught off West Greenland's coast in those years; F = female; WG* = minke whales of both gender caught in WG; CG = East Greenland; Central = minke whales caught in CG and CM; CentrF* = female minke whales caught in the CM and East Greenland areas; NE = NE Atlantic = ES + EB + EC; NEF* = females from ES + EB +EC Haplotype 1982 Haplotype 1982F 1996 Haplotype 1996F 1997 Haplotype 1997F 1998 the NE Atlantic Ocean and the North Sea. Genetic diversity measured by heterozygosity and number of alleles and tests for Hardy-Weinberg expectations are given in Table 4a for the total samples. Average mean observed heterozygosity based on the 16 loci ranged from 0.470 in WG (1996) to 0.554 in EC (1998); the latter sample had the lowest sample size. The averaged number of alleles ranged from 4.4 in the EC sample to 8.2 in the WG total sample (i.e. all years in WG combined). Significant deviations from the Hardy-Weinberg expectations were observed at locus EV96 in the CG sample, at locus EV21 in WG in 1982 and the WG total, at locus rw26 in WG in 1996, EB and pooled NE Atlantic sample (Table 4a ) and at locus sam25 in the pooled NE Atlantic female sample. The deviation at locus EV21 could probably be attributed to the WG 1982 sub-sample which was also observed in the female sample (Table 4b ). The deviation at locus rw26 in the NE Atlantic sample was probably caused by the EB sub-sample again reflected in the female sample (data not shown). The test for overall HWE across all loci indicated only limited significance after Bonferroni corrections in the pooled samples (Table 4a ,b).
Population structure analysed by D-loop mtDNA sequences and microsatellites
The results of the tests exploring the population substructure in a hierarchical manner from comparisons of small areas to regions as outlined in 'Materials and methods: Data analysis' can be summarised as follows:
(1) and (2) No genetic sub-structuring at the mitochondrial level was detected in the West Greenland samples from 1982, 1996, 1997 and 1998 regardless of the approach (data not shown). Neither the genetic distance (Φ ST ) testing the temporal differentiation nor the test for the spatial differentiation using the haplotype frequencies (F ST ) indicated significant differentiation among the samples. At the nuclear level (Table 5) , the F ST estimate and test for allele frequency differences indicated a temporal sub-structuring between the 1997 and 1998 samples. This tendency was not consistent, as it was not reflected in comparisons amongst the 1982, 1996 and 1997 samples or amongst the 1982, 1996 and 1998 samples ( Table 5 ). The indicated sub-structuring was no longer apparent when the samples were partitioned by sex (data not shown). Furthermore, genetic differentiation was not observed when samples taken early in the season were compared to samples taken later in the season (F ST = -0.002). Because inter-seasonal genetic variation was not detected and only low inter-annual variation was indicated, all samples from West Greenland were pooled in the further analyses.
(3) There was a difference between WG and CG females (Φ ST = 0.035, p = 0.035), which indicated the existence of a small genetic difference between minke whales in these 2 areas. This difference was also reflected at the nuclear level in both the females (F ST = 0.005, p = 0.027) and the total sample (WG total-CG: F ST = 0.005, p = 0.006). Hence, a low genetic difference between minke whales in western and eastern Greenland was indicated.
(4) Both at the mitochondrial and nuclear level there was no genetic difference detected between East Greenland (CG) and Jan Mayen, neither in the female sample nor in the total samples (data not shown), when testing for difference in haplotype distribution and allele frequency distribution and F ST , respectively. We therefore combined the samples from these 2 areas in the further analyses. The tendency of the North Sea (EN) sample to deviate from the other sampling areas and the Jan Mayen (CM) sample to differ from the Svalbard (ES) sample caused us to separate these from the other 3 samples in the further analyses of population structure. Hence, the samples from ES, EB and EC were pooled to represent the minke whales that occur during summer in the NE Atlantic region (the combined sample was denoted 'NE Atlantic').
(6) When testing for genetic differences between minke whales occurring during the same year (i.e. 1998) in West Greenland and the 'NE Atlantic' (ES + EB + EC), we did not detect any significant difference at the mtDNA or the nuclear level, regardless of the analytical approach (i.e. haplotype distribution, allele frequency distribution and F ST ).
(7) Our main hypothesis was that the minke whales within the different ecological regimes covered by the present study represent 4 genetically different sub-populations: a West Greenland (WG), a central (CG + CM), a NE Atlantic (ES + EB + EC) and a North Sea (EN) sub-population. The results of the analysis of this hypothesis are given in Table 6 . At the mtDNA level a significant Φ ST estimate was observed in the total sample (WG -Central -NE Atlantic -EN), in the total female sample (WG -Central -NE Atlantic -EN), and in the female sample between WG and the central group. At the nuclear level significant F ST estimates and significantly different allele frequency distributions were observed between areas in all pair-wise comparisons of the total samples (Table 5 ). These differences were also reflected in the female samples and in both the overall samples (results of allele frequency differences not shown for the females and overall samples). When depicting the relationship among the 4 regions (Fig. 3 ) based on the allele frequencies and Cavalli-Sforza & Edward's (1967) chord distance or using the pair-wise F ST estimates, the West Greenland and Central North Atlantic samples clustered together.
(8) To test whether there was an inter-annual and inter-regional variation of the suggested 4 sub-populations (cf. 7) the results of a study by Bakke et al. (1996) based on mtDNA sequences of minke whales from the coastal waters north and west of Iceland (i.e. areas CIC and CIP pooled, Fig. 1 ) and the Barents Sea (EB) were included in the present study. No interannual variation was observed when Bakke et al.'s (1996) Barents Sea sample was compared to the present Barent's Sea sample (data not shown). As a result the 2 Barents Sea samples were pooled in the further analysis. Only the Φ ST estimate obtained from the analysis of the pooled West Greenland -Central -NE Atlantic -EN was significantly different from 0 (Φ ST = 0.008, p = 0.024). This was not observed when testing for homogeneity in haplotype frequencies between these samples (data not shown). The sample representing the central North Atlantic (i.e. 'Central') consisted of the samples from CM (Jan Mayen) and CG (East Greenland) in the present study and from CIC and CIP in Bakke et al. (1996) . The samples from these 4 areas were combined in the present analyses of regional differences as no difference in the haplotype distribution was observed among them (data not shown). Table 4 (continued) 
Analysis of population structure without a prior assumptions
We also used a Bayesian clustering method (Pritchard et al. 2000) to analyse the population structure without any a priori assumption of regional differentiation. This corresponds to testing a null hypothesis that all samples belonged to one single population. If the single pooled sample is admixed (i.e. consists of more than one population) the likelihood (Ln-probability) will increase with the specific k (i.e. number of subpopulations contained). The Ln probability obtained for the assumptions of k = 1 to k = 5 was (k = 1: Ln = -11442.3, k = 2: Ln = -11318.3, k = 3: Ln = -11259.4, k = 4: Ln = -11260.0, k = 5: Ln = -11259.9). According to Akaike information criterion statistics (Sakamoto et al. 1943) this suggests that the combined sample of North Atlantic minke whales was heterogeneous and probably consisted of at least 3 different sub-populations.
DISCUSSION
Genetic diversity at the mtDNA and microsatellite levels
The mean nucleotide diversity observed in the present study (0.005 to 0.007) corresponds well to 0.0072 (Palsbøll et al. 1995) and 0.0064 (Bakke et al. 1996) reported for minke whales in the North Atlantic. Compared to that of Antarctic minke whales, 0.0159 (Bakke et al. 1996) , mtDNA diversity in North Atlantic minke whales was substantially lower. The minke whales in the North Atlantic and in Antarctica are considered to be 2 different species, Balaenoptera acutorostrata and B. bonarensis, respectively (Rice 1998) . The average heterozygosity observed at the 16 microsatellite loci (Table 4a, b) found in the present study was considerably higher than the heterozygosity levels obtained from allozyme data. Danielsdóttir et al. (1992) examined 36 allozyme loci in a total of 173 minke whales representing the suggested West Greenland, Central, and NE Atlantic sub-populations. The observed heterozygosity (H 0 ) ranged from 0.080 to 0.580 (6 polymorphic loci) in the West Greenland sample, from 0.096 to 0.450 (6 polymorphic loci) in the Central and from 0.083 to 0.417 (5 polymorphic loci) in the NE Atlantic sample (Danielsdóttir et al. 1992) . The difference in heterozygosity found in the 2 studies was probably caused by the higher mutation rate of the microsatellite loci (10 -3 , Weber & Wong 1993) compared to protein coding loci such as allozymes (10 -9 , Nei 1987).
Population structure
At the mtDNA level there was no relationship between the different haplotypes (Fig. 2) and geographical areas. At the microsatellite level the significant deviations from the Hardy-Weinberg expectations in terms of heterozygote deficiency found in all the Norwegian and Greenland samples could be an effect of non-random mating, a Wahlund effect or null-alleles (Table 4a ,b). If null-alleles were present we would expect a consistent pattern over the locus in question. This was not observed at any of the loci and furthermore all individuals amplified in the PCR reactions (i.e. no homozygote for null-alleles). We therefore consider the null-allele effect unlikely. The other effects mentioned cannot be excluded from the present study. We did not detect any significant inter-annual difference between samples from West Greenland. Although the samples were relatively small, but the number of analysed loci relatively high, this lack of difference suggests that minke whales caught in West Greenland in different years might belong to the same subpopulation. All West Greenland samples were concomitantly pooled to add power to the further geographical comparisons.
We stratified the minke whale data according to sex in order to analyse the population structure reflected in females separately. In a simulation study based on 2 large mammals (the blue whale Balaenoptera musculus, and the Asian elephant Elephas maximus), Tiedemann et al. (2000) illustrated that at the nuclear DNA level an increase in female migration will influence the population structure significantly more than an 274 Baker et al. (1994) detected a population structure in the maternally inherited mitochondrial DNA. Based on a RFLP study of the mtDNA, Baker et al. (1994) demonstrated that humpback whales show strong fidelity to migration destinations such as feeding grounds. They explained this to be a result of a transmission of feeding and migration strategies from mother to calf. Although Baker et al. (1994) detected low genetic sub-structuring between humpbacks from 2 nearby feeding grounds (the southern Gulf of Maine and Newfoundland), the heterogeneity between haplotype distribution on the 2 feeding grounds, together, and the Dominican Republic implied some genetic divergence in the western North Atlantic. Palsbøll et al. (1995) observed significant genetic differences between humpbacks from 2 North Atlantic feeding grounds, i.e. the western North Atlantic and Iceland. RFLP study of mtDNA and rDNA, Palsbøll (1989) did not detect differences between WG and EN samples. However, the lack of differentiation in his study could most likely be attributed to the low sample size from the EN area (n = 9). Nonetheless, in all these cases it cannot be excluded that the failure to detect population sub-structure was caused by a combination of low sample sizes and low resolution of the techniques applied. This may to some extent also have been the case in the present study.
(7) The differences expressed at the nuclear level suggested the grouping of the North Atlantic minke whales into 4 ecologically based sub-populations. All pair-wise comparisons were significantly different, indicating the existence of a West Greenland, a Central, a NE Atlantic and a North Sea sub-population. The differentiation was reflected both in the total and in the female samples. The relationship depicted in Fig. 3 indicated a relatively close relationship between the West Greenland sample and the Central North Atlantic sample (CG+CM). This was especially expressed in the tree based on the F ST estimates, where the branch lengths can be considered significantly different from 0. This relationship was not surprising given the distance between sampling areas. The observation of 4 genetically different sub-populations was partly supported by the results of the mtDNA analyses. Here, only the overall Φ ST estimates for the total and female samples were significantly different from 0, suggesting that the sub-populations may have existed for some time. However, no relationship between geographical origin and haplotype was detected (Fig. 2) . Considering the different mutation rates of the D-loop sequence and the microsatellites loci it is expected that the microsatellite analysis will be able to detect more detailed or more contemporary subpopulation differentiation as also illustrated in the present study.
(8) The inclusion of Bakke et al.'s (1996) samples in our mtDNA analysis indicated some sub-structuring amongst the 4 sampling areas -West Greenland, Central North Atlantic, NE Atlantic and North Sea -hence supporting the results indicated by the nuclear DNA in the present study.
Without an a priori geographic grouping of the samples the Bayesian clustering procedure suggested the existence of at least 3 sub-populations. A likely reason why the fourth sub-population was not detected is the relatively low sample size in the North Sea.
Within each of the sampling areas, except western Greenland, the individual sampling locations were relatively narrowly clustered compared to the apparently more even distribution of minke whales within the range studied (cf. Anonymous 1998) . Theoretically, such geographically concentrated sampling would tend to emphasise differences between areas. Nevertheless, the samples from the areas east of Greenland, except Jan Mayen and the North Sea, did not differ genetically supporting the hypothesis that minke whales in the NE Atlantic may belong to the same subpopulation.
We suggest that the 4 genetically distinct groups of minke whales may have evolved different genetic compositions as a result of different ecological conditions prevailing in the oceans where they feed during summer, combined with a strong affiliation between mother and calf and feeding site as observed in the humpback whale (Baker et al. 1994 ) and suggested by Tiedemann et al. (2000) for the blue whale. The fact that the genetic pattern is only observed at the nuclear level and not at the mtDNA level can probably be attributed to the relatively short divergence time which can be approximately dated back to the end of the last ice age (i.e. about 10 000 years ago; Dansgaard et al. 1993 ). After such a relatively short time span one cannot expect to observe differences at the mtDNA level due to the high dispersal ability of the species and the relatively slow mutation rate of the D-loop. However, it would seem that the suggested 4 major ecological regions have remained almost unchanged since the last ice age, as indicated by the marine micropaleontological record obtained from the planktonic and benthic foraminifera faunas of the areas (Koc et al. 1993 , Rasmussen et al. 2002 .
Differences in ice conditions, current patterns, food type and the availability thereof may impose different selective forces on the minke whales at their North Atlantic summering grounds. The distribution and population structure of the minke whales on their wintering areas are unknown (cf. Horwood 1989) and therefore it is not known if the distribution during the mating season of the whales from the different summering grounds is allopatric or sympatric. If the distribution is sympatric on the wintering grounds one may accept sympatric speciation (cf. Dieckmann & Doebeli 1999 , Stearns & Hoekstra 2000 with selective forces primarily being active on the summering grounds. If the winter distribution is allopatric it suggests the existence of 4 different wintering areas or breeding areas. The existence of major ecological differences between regions is in accordance with other studies using the same material from 1998 but applying different analytical techniques. A regional comparison of PCBs and organochlorine (OC) pesticides in blubber (Hobbs et al. 2003) , fatty acid profiles (Møller et al. 2003) , concentrations of various elements in soft tissues and baleen (Born et al. unpubl. data) , and concentrations of caesium-137 in muscle (Born et al. 2002 ) revealed some differences among sampling areas. Although in some cases these studies grouped the samples differently, they indicated that minke whales in West Greenland and the North Sea to be markedly different from those in the other areas.
In conclusion, the results of the present study explain to a certain extent the non-coherent results obtained from earlier studies of the North Atlantic minke whale based on allozymes, RFLP on mtDNA, RAPD and DNAfingerprinting. The finding of 4 genetically different minke whale groups in seas that are ecologically substantially different suggests that this genetic variation has evolved as a response to different selective forces acting on the summering grounds. Minke whales from Canadian (WC) and Icelandic (CIP and CIC, cf. Fig. 1 ) waters were not included in the present study. According to Horwood (1989) there was no evidence to support a difference between the Canadian and West Greenland stock. On the contrary, the timing of previous catches (Canada stopped whaling after the 1972 season) indicated that the whales migrate past Newfoundland, and as the season progresses may be caught further north off West Greenland (ibid.). However, we recommend that future studies of minke whale population structuring in the North Atlantic region include samples taken (including biopsies from Canada and Iceland) in a given year in all areas of the species range.
